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A Signaling Network Reciprocally Regulates
Genes Associated with Acute Infection
and Chronic Persistence in Pseudomonas aeruginosa
of its coding capacity to transcriptional regulators (Sto-
ver et al., 2000). This group includes approximately 64
TCSs, the most extensive set known in a single organism
(Rodrigue et al., 2000). These findings are not completely
unexpected, as P. aeruginosa can thrive in a wide range
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Boston, Massachusetts 02115 of environmental niches and may therefore require a
correspondingly large number of environmental sensing
and signaling mechanisms. In addition, P. aeruginosa
Summary causes a variety of diseases in individuals predisposed
to infections as the result of severe burns, wounds, uri-
The opportunistic pathogen Pseudomonas aeruginosa nary tract or corneal injury, or immunocompromised sta-
causes a variety of acute and chronic infections. We tus (Pruitt et al., 1998; Takeyama et al., 2002; Fleiszig
identified a gene whose inactivation results in attenua- and Evans, 2002; Deretic, 2000). P. aeruginosa is also
tion of virulence due to premature activation of genes the primary cause of mortality in patients with cystic
involved in biofilm formation and coordinate repres- fibrosis (CF), the most common life-threatening heredi-
sion of genes required for initial colonization. This tary disease in caucasians (Gibson et al., 2003). The
gene, retS, encodes a hybrid sensor kinase/response primary reservoir of infecting organisms is the immedi-
regulator with an unconventional arrangement of func- ate environment of patients (Speert et al., 2002; Alonso
tional domains. Genome-wide transcriptional profiling et al., 1999), suggesting that environmental isolates pos-
indicates that the retS gene is required for expression sess the full range of virulence determinants necessary
of the Type III secretion system and other virulence to cause disease.
factors and for repression of genes responsible for CF patients are frequently colonized within a few years
exopolysaccharide components of the P. aeruginosa of birth and often retain a clonal infection through their
biofilm matrix. These disparate phenotypes are sup- lifetimes (Tummler et al., 1997). During the lengthy
pressed by transposon insertions in genes encoding course of CF infections, P. aeruginosa strains show a
the GacS/GacA/rsmZ signal transduction pathway, a
consistent pattern of genome modification that effects
highly conserved system involved in the control of
the expression of specific virulence traits. For example,
diverse adaptive functions. This study defines RetS as
strains isolated from recently colonized CF patients pre-
a pleiotropic regulator of multiple virulence pheno-
dominantly express full-length lipopolysaccharide (LPS)types that orchestrates genes required for acute infec-
side chains, do not produce significant amounts of exo-tion and genes associated with chronic persistence.
polysaccharide alginate, and are fully motile and compe-
tent for toxin delivery via the Type III secretion systemIntroduction
(TTSS). Strains isolated during the chronic phase of in-
fection, in comparison, usually lack the O-side chainSuccessful adaptation of living organisms to different
LPS modification and are mucoid as a result of alginateniches depends on their ability to regulate gene expres-
overproduction (Goldberg and Pler, 1996). Additionally,sion as specified by the needs of the environment. Bac-
a substantial fraction of isolates from patients withteria, archea, unicellular eukaryotes, and higher plants
chronic infection are nonmotile, express lower levels ofuse two-component system (TCS) signaling pathways
secreted extracellular products, and lack a functionalto translate external signals into adaptive responses
TTSS (Luzar and Montie, 1985; Mahenthiralingam et al.,(Wolanin et al., 2002; Loomis et al., 1998). The conserved
1994; Deretic et al., 1995; Dacheux et al., 2001). Thecore architecture of the components of these pathways
expression of cytotoxic factors (exotoxins and effectorsconsists of a histidine kinase protein domain (the “sen-
directly translocated into human cells by the TTSS) likelysor”) and a cognate receiver domain (the “response reg-
plays an important role during interaction with epithelialulator”), often encoded by adjacent genes. In bacteria,
and phagocytic cells during initial colonization; this isTCSs mediate downstream responses by a variety of
certainly the case in diverse animal models of acutemechanisms, including control of gene expression and
infection. The consistent observation that these traitsmethylation of target proteins. The sensor histidine ki-
are lost in strains isolated from chronic infection, how-nases detect a range of signals, including nutritional
ever, suggests that these factors are not required forcontent of the environment, cation concentration, osmo-
chronic persistence. Instead, surface components thatlarity, and accumulation of denatured proteins during
promote bacterial aggregation and protection from envi-thermal stress. A number of TCSs used by pathogenic
ronmental insult become necessary. The ability ofmicroorganisms to sense and respond to signals pro-
vided by infected hosts are currently being evaluated P. aeruginosa to maintain a decades-long chronic infec-
as potential drug targets (Stephenson and Hoch, 2002). tion is thought to depend upon the regulated develop-
The gram-negative opportunistic pathogen Pseudo- mental process of biofilm formation (Parsek and Singh,
monas aeruginosa devotes a disproportional share (8%) 2003). Microscopy of cystic fibrosis patient sputum and
analysis of quorum-sensing autoinducer secretion pro-
files supports this hypothesis (Singh et al., 2000). This*Correspondence: stephen_lory@hms.harvard.edu
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adaptive developmental response to the host environ- growth rate (data not shown). A strain with a nonpolar
deletion in this gene faithfully reproduced the phenotypement may explain the persistence of P. aeruginosa de-
spite aggressive antibiotic treatment (Drenkard, 2003). of the gentamicin cassette insertion mutant, and a plas-
mid clone containing the retS coding sequence with itsThe interaction of P. aeruginosa with CF patients can
thus be described as a two-stage process: initially, colo- native promoter restored adhesion to wild-type levels
(Figures 1B and 1C). All subsequent experiments werenizing bacteria express traits required for acute infec-
tion, while the subsequent persistent stage depends on performed with this nonpolar deletion mutant.
Examination of the kinetics of biofilm formation at thethe production of a different set of adaptive factors that
promote biofilm formation. The coordinate regulation of cellular level confirmed that the process of bacterial
attachment to a glass surface, intercellular aggregation,these two contrasting sets of virulence factors may uti-
lize dedicated environmental signal-transducing mech- and formation of bacterial mats was more rapid in the
retS mutant than in the wild-type strain (Supplementalanisms to sense and respond to this transition in the
course of infection. Figure S3). An identical mutation was created in P. aeru-
ginosa PA14, a strain able to infect a broad range ofHere we report the identification of a regulatory path-
way that simultaneously coordinates the activation of vertebrate, insect, and plant hosts (Mahajan-Miklos et
al., 2000). Nonpolar deletion of retS in P. aeruginosamultiple sets of virulence factors necessary during acute
infection and the repression of other multigene path- PA14 also caused the hyperbiofilm phenotype (data
not shown).ways involved in chronic persistence. This system func-
tions as a multicomponent switch that may orchestrate
the transition from acute colonization to chronic infec- RetS Represents an Unusual Class of Sensor
tion in this important human pathogen. Kinase/Response Regulator Hybrid Signal
Transduction Proteins
The retS gene encodes a 946 amino acid polypeptideResults
similar in sequence and domain organization to the sen-
sor kinase/response regulator hybrid family of signal trans-A Mutation in a Regulatory Gene Induces Biofilm
duction proteins. BLAST analysis revealed the presenceFormation by P. aeruginosa
of orthologs in the genomes of P. putida, P. fluorescens,We generated a set of 39 isogenic regulatory mutants
P. syringae, and Azotobacter vinelandii (Altschul et al.,in P. aeruginosa PAK by replacing TCS response reg-
1997). Domain analysis using pFAM predicts that RetSulator and response regulator-like genes with a cas-
is a modular protein with 7-transmembrane and 7-trans-sette encoding the gentamicin resistance gene aacC1
membrane associated extracellular domains at its amino(Supplemental Experimental Procedures at http://www.
terminus (Anantharaman and Aravind, 2003). These do-developmentalcell.com/cgi/content/full/7/5/745/DC1/).
mains are associated with signal transduction and envi-To test whether these signaling pathways are involved
ronmental responses in diverse bacterial species, al-in biofilm formation, we screened this library of TCS
though the tandem arrangement found in RetS is notmutants in an in vitro assay for the development of
common. TCS sensor kinase-like histidine kinase andbacterial communities on glass surfaces and at the air-
ATPase domains follow the transmembrane segment.water interface. Wild-type P. aeruginosa and the major-
The carboxy terminus of the protein is predicted to con-ity of mutants tested formed a visibly robust surface-
tain two response regulator-like receiver domains, eachattached ring after 13 hr of static incubation, although
with a phosphoacceptor aspartic acid in classic se-a few showed a delay in adherence. At this time point,
quence context (Figure 1D). This arrangement of tandemmutants in genes fleR and pilR were attenuated for bio-
response regulator domains is highly unusual. Althoughfilm formation (Figure 1A). In contrast, two other mutants
genes encoding many sensor/regulator pairs are located(in PA2824 and PA4856) formed biofilms that quantita-
adjacent to each other in the genome, there are no genestively exceeded that produced by the wild-type paren-
encoding response regulators in the close proximity oftal strain.
retS (Stover et al., 2000).FleR is required for transcription of the hook, basal
body-rod, and other class III genes of the flagellar ma-
chinery (Ritchings et al., 1995; Dasgupta et al., 2003). Mutation in retS Leads to Hyperadhesion to Mammalian
Cells and Loss of Cytotoxicity Due to a BlockPilR activates transcription of pilA, the major subunit of
type IV pili (Jin et al., 1994). The fleR and pilR mutants in Expression of Type III Secreted Effectors
As P. aeruginosa retS attaches and forms biofilms pre-were defective in swimming and twitching motility, re-
spectively (data not shown). Both of these motility sys- maturely on abiotic surfaces and air-water interfaces,
we asked whether this mutant displays similar hyperat-tems have been implicated in biofilm formation in di-
verse bacteria including P. aeruginosa (O’Toole et al., tachment to mammalian cells. When incubated with cul-
tured CHO cell monolayers, the retS mutant showed a2000).
The PA4856 mutant had the most hyperadhesive phe- significant increase in attachment compared to its wild-
type parent (Figure 2A). Aggregates as well as unicellularnotype and was selected for further analysis. For rea-
sons discussed below, we have assigned PA4856 the bacteria were seen associated with the mammalian
cells.name RetS. We observed that this mutant exhibited pre-
mature and robust biofilm formation at 7 hr postinocula- As a consequence of adherence to mammalian cells,
P. aeruginosa initiates a TTSS-dependent cytotoxic re-tion, at which point the parental wild-type strain is just
beginning to form a biofilm (Figure 1A). Growth curves sponse, inducing cell death within 3 hr of attachment
(Kang et al., 1997). Despite the increase in attachmentin liquid media suggested that the increase in biofilm
formation did not result from a general increase in to host cells in tissue culture, the retS mutant was unable
Coordination of Bacterial Biofilms and Virulence
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Figure 1. Biofilm Assays of Isogenic Two-
Component System Mutants Show Disregu-
lated Biofilm Formation in the Strain Missing
RetS, a Putative Hybrid Sensor Kinase/
Response Regulator of Unknown Function
(A) Quantification of biofilm formation of TCS
mutants. Biofilms were quantified after 7 hr
(black bars) and 13 hr (gray bars) of static
incubation. The extent of retention of crystal
violet by adherent bacteria, measured by
OD590, was normalized to the values of the
isogenic P. aeruginosa wild-type parent
strain. Error bars represent one standard de-
viation based on triplicate experiments.
Dashed lines indicate 2-fold change from the
wild-type parent.
(B) Complementation of the retS adhesion
phenotype. Nonpolar deletion of retS repro-
duces the phenotype of the polar mutant, and
this hyperadhesion is complemented by
pAG4856, a plasmid carrying retS in the vec-
tor pPSV40. Biofilm formation after 7 hr of
static incubation is shown; error bars indicate
one standard deviation based on triplicate
experiments.
(C) The adhesion phenotypes of the P. aerugi-
nosa retS mutant. Appearance of a surface-
attached biofilm (b) and the air-water inter-
face pellicle (p) after 7 hr of static incubation.
(D) Domain organization of RetS. Domains are
predicted by sequence homology using
pFAM (Bateman et al., 2004) and published
analysis (Anantharaman and Aravind, 2003).
7TMR-DISM_ED2/7TMR, 7-transmembrane-
receptor with diverse intracellular signaling
modules extracellular domain 2/7-transmem-
brane receptor domain; HisKA, histidine ki-
nase domain; HATPase_C, Histidine ATPase
domain C; Response_reg, response regulator
domain. A putative signal sequence is shown
as a hollow box. Predicted transmembrane-
spanning segments are shown in gray; histi-
dine (H) and aspartic acid (D) residues in clas-
sic TCS sequence context are indicated.
to mediate this characteristic cytotoxic response (Figure indicator of exoS promoter activity indicate that retS is
necessary for exoS transcription (Figure 2D).2B). In order to assess whether the loss of cytotoxicity
in the retS mutant was due to a defect in the TTSS, we
grew this strain in TTSS-inducing media and surveyed
Mutation of retS Attenuates the Virulenceculture supernatants for TTSS-secreted effectors (Fig-
of P. aeruginosa in a Murineure 2C). SDS-PAGE analysis of supernatants from wild-
Acute Pneumonia Modeltype P. aeruginosa cultures showed bands of approxi-
We next examined the ability of this mutant to colonizemately 53, 49, and 33 kDa, corresponding to ExoT, ExoS,
and disseminate in an acute infection in vivo. Wild-typeand ExoY, respectively. The identity of ExoS was con-
P. aeruginosa is able to colonize the lungs of an infectedfirmed by immunoblotting with anti-ExoS antibody. In
mouse and grow about 25-fold in the course of 16 hr.contrast, the P. aeruginosa retS culture supernatant was
The isogenic retS mutant, in comparison, was unableidentical to that of TTSS-defective strain P. aerugi-
to establish infection; bacterial load was reduced bynosa exsA.
three orders of magnitude as compared to infection withIn addition to inducing effector secretion, host cell
the wild-type parental strain (Figure 3A). Additionally,
contact or low calcium media also triggers transcrip-
P. aeruginosa retS was unable to establish systemic
tional upregulation of genes encoding the TTSS and
infection and no bacteria were recovered from the liver
associated effectors (Wolfgang et al., 2003). In order to
or spleen (Figure 3B).
assess whether the TTSS defect in P. aeruginosa retS
was at the level of transcription, the retS mutation was
introduced into a P. aeruginosa strain in which the exoS Genome-wide Transcriptional Profiling of Wild-Type
coding sequence (but not its promoter) was replaced P. aeruginosa and an Isogenic retS Mutant
with a promoterless gfp-lacZ gene cassette (Rietsch To assess the full range of genes transcriptionally regu-
lated by RetS, the transcriptome of P. aeruginosa retSet al., 2004). Measurements of -galactosidase as an
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Figure 2. Effect of the retS Mutation on Inter-
actions of P. aeruginosa with Mammalian
Cells
(A) Adherence assay. CHO cell monolayers
were incubated with P. aeruginosa (wild-type,
retS, and a nonadherent pilA mutant) for 1
hr, washed, and stained, and the adherent
bacteria were enumerated (top). Representa-
tive images of CHO cell adherence by wild-
type P. aeruginosa and the retS mutant are
shown (bottom); arrows point to adherent
bacteria.
(B) Cytotoxicity assay. LDH release by CHO
cells following interaction with P. aeruginosa
(wild-type, retS, and noncytotoxic, TTSS-
defective mutant exsA) was measured. The
cytotoxicity defect of the retS mutant strain
is complemented by restoring retS on a
plasmid.
(C) Effect of retS mutation on protein secre-
tion. Culture supernatants of various strains
grown in TTSS-inducing (calcium-deplete)
medium were concentrated and analyzed by
SDS-PAGE, followed by staining with Coo-
massie blue (top). The fractionated proteins
were transferred to a nitrocellulose mem-
brane and probed with a specific antibody to
confirm the identity of ExoS (bottom).
(D) RetS regulation of exoS transcription. The
retS deletion was introduced into an exoS-
lacZ reporter strain, and the levels of
-galactosidase were determined following
growth in calcium-replete (black bars) or cal-
cium-deplete (gray bars) media.
In (A)–(D), results show the average of tripli-
cate experiments; error bars indicate one
standard deviation.
was compared to wild-type P. aeruginosa. The hyperbio- of these genes is that they are associated with poten-
tially early stages of colonization of the upper respiratoryfilm phenotype of the retS mutant also occurred in the
low calcium media used to induce the TTSS (data not tract of CF patients.
Conversely, a number of genes encoding factors as-shown), and consequently we used this condition to
grow cultures for RNA isolation. Among the 5678 genes sociated with chronic infection were activated in P. aeru-
ginosa retS, including multiple operons encoding exo-surveyed, 397 genes showed significantly altered (either
polysaccharide components of the biofilm matrix (Figurereduced or increased) expression in P. aeruginosa retS
4A). The psl cluster, which mediates production of aas compared to its isogenic wild-type parent (Supple-
mannose-rich exopolysaccharide, promotes biofilm for-mental Figure S4).
mation in diverse P. aeruginosa isolates (Friedman andMany of the genes regulated by RetS encode virulence
factors (Figure 4A). Each of the 40 structural and regula-
tory genes of the TTSS were significantly downregu-
lated, including the TTSS transcriptional regulator exsA
and secreted effectors. Deletion of retS resulted in sig-
nificant (25-fold) downregulation of the exsD-pscL op-
eron, which is affected less than 2-fold by calcium deple-
tion or the absence of ExsA (Wolfgang et al., 2003). In
parallel with retS-mediated TTSS repression, we also
observed downregulation of the eight xcp genes that
encode components of the type II secretion machinery.
Similarly, genes encoding LipA and ToxA, toxins se-
Figure 3. Effect of retS Mutation on P. aeruginosa Virulence in acreted by the type II machinery, are repressed in the
Murine Acute Pneumonia and Dissemination ModelretS mutant strain. Many genes associated with the ex-
(A) Colonization of the lungs. The bacterial load in lung homogenatespression of type IV pili were also downregulated in
was determined 16 hr following intranasal inoculation of 107 P. aeru-P. aeruginosa retS. P. aeruginosa requires type IV pili
ginosa (dashed line).in several animal models of acute infection (Feldman et
(B) Dissemination to the liver (black bars) and spleen (gray bars). In
al., 1998; Zolfaghar et al., 2003). The retS mutant strain (A) and (B), error bars represent one standard deviation based on
showed significant downregulation of 33 genes encod- four (P. aeruginosa) or five (P. aeruginosa retS) replicate experi-
ments.ing this apparatus. One of the common features of all
Coordination of Bacterial Biofilms and Virulence
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Figure 4. Genome-wide Transcriptional Pro-
filing in P. aeruginosa and P. aeruginosa retS
Using Genomic Microarray
(A) Differentially regulated genes encoding
virulence factors. Shown are ratios of hybrid-
ization intensities of targets generated from
P. aeruginosa and P. aeruginosa retS total
RNAs based on duplicate experiments. Arrow
direction indicates the gene direction and
connected arrows delineate putative oper-
ons; nonadjacent genes are separated by di-
agonal bars (Stover et al., 2000). The com-
plete data set is provided in Supplemental
Figure S4.
(B) Upregulated exopolysaccharide operon
psl contributes to the hyperbiofilm phenotype
of the retS mutant. The extent of biofilm for-
mation as measured by retention of crystal
violet by adherent bacteria after 7 hr of static
incubation is shown. Error bars show one
standard deviation based on triplicate experi-
ments.
Kolter, 2004a; Jackson et al., 2004; Matsukawa and from the transposon library that failed to adhere (Experi-
mental Procedures). The transposon library was alsoGreenberg, 2004). To determine whether the transcrip-
tionally upregulated psl operon contributes to the pre- screened for activation of the exoS promoter by isolating
blue colonies on low-calcium solid media containingmature biofilm phenotype of the retS mutant, we deleted
the psl operon in the retS mutant background. In this X-gal. In the two screens for suppressors of distinct
RetS-dependent phenotypes, we isolated a strikingstrain, biofilm formation was strongly reduced compared
to the P. aeruginosa retS parent strain (Figure 4B). Addi- number of insertions in genes of the GacS/GacA/rsmZ
regulatory pathway (Figure 5A). Four insertions weretionally, a second operon pel, which also promotes biofilm
formation and is responsible for the production of a glu- identified in the promoter and coding sequence of the
gacS sensor kinase gene, and an additional seven inser-cose-rich extracellular matrix polysaccharide (Friedman
and Kolter, 2004b), was strongly upregulated in P. aerugi- tions mapped to the promoter and coding sequence of
cognate response regulator gacA. Two insertions werenosa retS. Also consistent with an effect on exopoly-
saccharide production, retS mutant colonies display a identified in the gene encoding the small regulatory RNA
rsmZ, a regulatory target of GacA (Heurlier et al., 2004).characteristic wrinkled and hyperadhesive morphology
after multiple days of growth (data not shown). These The transposon insertions initially isolated from the
hyperadhesion screen also suppressed the TTSS de-observations suggest that coordinate transcriptional
upregulation of psl and potentially other operons encod- fect, and vice versa (data not shown), supporting the
hypothesis that both RetS-mediated TTSS repressioning distinct surface components contributes to the hy-
perbiofilm phenotype of the retS mutant. The name RetS and hyperadhesion are related to the GacS/GacA/rsmZ
regulatory network. Introducing a gacS deletion into the(Regulator of Exopolysaccharide and Type III secretion)
reflects the pleiotropic regulatory role of this protein. retS mutant abrogated both the hyperadhesion and
TTSS repression characteristic of the parent strain, and
restoration of gacS on a plasmid eliminated this sup-
Suppressor Analyses of Distinct PAK retS pression (Figures 5B and 5C). Therefore, the diverse
Phenotypes Implicates the GacS/GacA/rsmZ phenotypes associated with the retS mutation and their
Regulatory Pathway repression by second site mutations in the components
RetS, which lacks the DNA binding domain characteris- of the gacS/gacA/rsmZ regulatory system likely repre-
tic of conventional response regulator proteins, is likely sent the activity of one signal transduction pathway that
a component of a multipart signaling pathway. We em- transmits signals received by RetS into the Gac regula-
ployed a transposon mutagenesis strategy to identify tory network. Two additional adhesion suppressor inser-
additional components involved with RetS in signal tions mapped to PA4332, which contains a GGDEF do-
transduction. A library of mariner transposon insertions main predicted to be involved in the generation of cyclic
in P. aeruginosa retS exoS::GL3 allowed us to screen di-GMP (Jenal, 2004). Cyclic di-GMP signaling is associ-
for suppression of hyperadhesion and TTSS repression ated with biofilm formation in many bacterial species
caused by the absence of RetS. The library consisted (Simm et al., 2004; Tischler and Camilli, 2004).
of approximately 106 mariner insertions and was used
in two independent screens for suppression of the phe-
notypes observed in the retS mutant. Discussion
When grown in liquid culture in minimal media, the
retS mutant strongly adheres to the walls of the culture The opportunistic pathogen P. aeruginosa causes a di-
verse range of human disease, ranging from superficialflask, while attachment of wild-type P. aeruginosa is
negligible. We used this observation to isolate mutants skin infections to chronic colonization of patients with
Developmental Cell
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patients with CF adds yet another layer of complexity
to this adaptive process. Early infection and colonization
require the production of a variety of cytotoxic and de-
gradative proteins, some of which function after direct
translocation into host cells. In contrast, an adaptive
transition to chronic infection requires expression of
surface components that facilitate a biofilm lifestyle. In
these matrix-enclosed communities, individual bacteria
no longer intimately contact host cells; virulence factors
that require this association likely play a smaller role.
In this study, we report the identification of regulatory
protein RetS, a strong candidate for an environmentally
sensitive switch that orchestrates the expression of viru-
lence factors required for acute infection and the coor-
dinate repression of genes promoting adaptation to
chronic persistence.
Many of the genes of known function activated by
RetS are necessary for acute infection. We noticed that
this set of colonization factors also depends on the
cAMP-dependent regulatory protein Vfr for activity
(Wolfgang et al., 2003). Transcriptional profiling indi-
cates that Vfr transcript levels are slightly (less than
2-fold) induced by RetS (data not shown). Alternatively,
RetS may activate genes by influencing the activity of
Vfr, potentially through cAMP. We sequenced vfr in wild-
type PAK and the retS mutant and found no differences
(data not shown), suggesting that secondary mutations
in vfr do not account for the observed regulation of vfr-
dependent genes. The RetS-dependent repression of
the psl and pel exopolysaccharide gene clusters, in con-
trast, does not appear to function through Vfr. Interest-
ingly, the genes with no known function show a similar
pattern; RetS-activated genes are also Vfr dependent
Figure 5. Suppressor Screens for Diverse RetS-Dependent Pheno- while genes repressed by RetS are not affected by Vfr
types Implicate the GacS/GacA/rsmZ Regulatory Pathway (Supplemental Figure S4). We note that these hypotheti-
(A) Transposon mutagenesis and screening of the retS mutant. PAK cal genes make up a significantly higher proportion of
exoS::GL3 retS was mutagenized with mariner transposon pBTK30.
the RetS-dependent gene list (60%) than of the overallMutants were screened for reversal of hyperadhesion and for rever-
genome (40%). These data are consistent with a modelsal of the block in exoS expression in TTSS-inducing culture me-
in which RetS activates genes involved in host cell con-dium. All genes that contained multiple independent insertions are
shown. Open arrows indicate the locations of the suppressor tact-dependent toxin secretion and motility via a Vfr-
transposons that restored adherence to wild-type levels. Transpo- dependent mechanism, while coordinately repressing
son insertions that relieved the repression of the exoS-lacZ fusion genes that promote biofilm formation through a Vfr-inde-
are shown as closed arrows. Arrow direction indicates the orienta-
pendent pathway.tion of the accC1 gene-transcriptional/translational terminator cas-
We used transposon mutagenesis and suppressorsette in the transposon. The gene encoding regulatory RNA rsmZ
screens to identify GacS, its cognate response regulatoris located between PA3621 (fdxA) and PA3622 (rpoS) in the P. aerugi-
nosa genome (Heurlier et al., 2004). GacA, and the GacA-dependent small untranslated RNA
(B) Deletion of gacS suppresses the increased biofilm phenotype rsmZ as additional components of the RetS signaling
of the retS mutant. Biofilm formation as measured by retention of network. RsmZ mediates gene regulation by sequester-
crystal violet by adherent bacteria after 7 hr of static incubation is
ing posttranscriptional regulatory protein RsmA andshown. Suppression of the retS mutant phenotype by deletion of
consequently relieving target transcripts from RsmA-gacS is complemented by pMB0928, a plasmid carrying gacS
mediated translational control (Heurlier et al., 2004). As(PA0928) in the vector pMMB.
(C) Deletion of gacS suppresses the TTSS defect of the retS mutant. the phenotypes of a retS mutant are suppressed by
exoS promoter activity of cultures grown in TTSS-inducing culture second site mutations that increase the supply of free
medium is shown. (B) and (C) represent the average of triplicate RsmA, it is likely that deletion of retS results in de-
experiments; error bars indicate one standard deviation.
creased levels of free RsmA. The RetS protein, therefore,
may function by increasing RsmA levels in response to
environmental cues (Figure 6). In support of this model,CF and fatal bacteremia in immunocompromised pa-
the retS mutant exhibited the pyocyanin overproductiontients. This remarkable adaptability depends to a large
and (in the swarming-competent PA14 strain back-extent on its ability to activate the expression of genes
ground) the swarming deficiency phenotypes describedrequired for a particular environment and simultaneously
for rsmA mutants (data not shown; Pessi et al., 2001;repress genes that are unnecessary or even detrimental
Heurlier et al., 2004). Additionally, overexpression offor survival in that niche. The distinct stages of coloniza-
tion and chronic persistence in the respiratory tract of rsmZ or deletion of rsmA leads to cell-cell aggregation
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shared receiver domain (Bijlsma and Groisman, 2003),
RetS represents a different mechanism of signal trans-
duction in which multiple inputs are convergently but
independently assimilated into a single polypeptide.
This arrangement may facilitate the integration of multi-
ple signals in a coordinate response.
In summary, our findings describe a regulatory path-
way used by P. aeruginosa to orchestrate reciprocal
control of genes required for colonization and acute
infection with those important for chronic persistence.
This regulatory function is accomplished through the
activity of unconventional sensor kinase/response regu-
lator hybrid protein RetS. We have associated RetS
function with the GacS/GacA/rsmZ regulatory pathway
and provide evidence that this network upregulates the
Figure 6. A Model for the Role of RetS in a Multicomponent Signal- specific signature of virulence genes that are required
ing Network
for acute infection and are dependent on Vfr for their
Environmental signals in acute infection favor activation of RetS
activation. The observation that RetS coordinately re-and consequent repression of the GacS/GacA/rsmZ signaling path-
presses genes encoding exopolysaccharide compo-way. As a result, levels of free RsmA protein are relatively high.
nents of the biofilm matrix suggests that this regulatoryGenetic mutation of retS derepresses GacS/GacA/rsmZ, leading to
sequestration of RsmA and a resultant shift in downstream regula- switch mediates a global transition from initial coloniza-
tion. A physiological equivalent of this shift occurs in chronic infec- tion to chronic persistence. The unusual proportion of
tion, where environmental signals may favor activation of GacS. RetS-regulated hypothetical genes coordinately regu-
lated with well-defined virulence factors raises the pos-
sibility that many of these genes of no known function
may encode novel, previously uncharacterized viru-(Heeb et al., 2002; Heurlier et al., 2004). Microarray analy-
lence determinants.sis indicates that RetS affects approximately 400 genes
at the transcriptional level, suggesting that the RsmA
target transcripts likely include one or several transcrip- Experimental Procedures
tional regulators. Alternatively, the observed RetS-
Strain Construction and Culture Conditionsdependent changes in the transcriptome may result
Mutant strains were derived from P. aeruginosa strain PAK (D. Brad-from altered stability of mRNAs upon interaction with
ley). Deletion alleles were constructed using a modified version of
RsmA. The observation that RetS functions in an oppos- the splicing by overlap extension polymerase chain reaction (SOE-
ing manner to GacS is consistent with a model in which PCR) technique (Wolfgang et al., 2003) to replace target genes with
both of these sensory proteins coordinate to control a gentamicin resistance cassette. Primer sequences and a detailed
description of cloning procedures are provided in Supplementalpathogenic adaptation. We have shown that RetS pro-
Figure S1 and Supplemental Experimental Procedures. Growthmotes the activation of genes required for acute infec-
curves in rich and minimal media suggested that this group of regu-tion and the repression of genes associated with chronic
lators did not control essential genes. Domain organization was
infection. GacS, in comparison, is required for activation determined by searching the Protein Families database of align-
of genes involved in chronic persistence, including bio- ments and HMMs (http://www.sanger.ac.uk/Software/Pfam/).
film formation and production of the N-acylhomoserine P. aeruginosa strains were maintained in Luria-Bertani broth
(Sambrook et al., 1989) with antibiotics as required (150 g ml1lactone autoinducers present at high levels in the lung
Carbenicillin, 75 g ml1 Gentamicin, 25 g ml1 Irgasan). All growthfluid of chronically infected CF patients (Parkins et al.,
incubations were at 37C at 300 rpm shaking in baffled flasks unless2001; Reimmann et al., 1997; Singh et al., 2000). Deletion
otherwise described.
of retS thus results in disregulation of this pathogenesis
“switch:” genes for cytotoxins and their secretion as well
Biofilm Formationas motility genes are repressed, the bacteria become
In a modification of the biofilm ring assay (O’Toole and Kolter, 1998),insensitive to signals such as host cell contact, and
overnight cultures were diluted to OD600 0.0025 in LB and triplicateformation of a protective biofilm is initiated. Additional 1 ml aliquots were dispensed into glass tubes. Following static
suppressor insertions in PA4332, which contains a cyclic incubation in a humidified 37C chamber, the media was removed
and tubes were washed gently with dH20. Adherent bacteria weredi-GMP nucleotide cyclase domain, suggest that RetS
stained with 1% crystal violet and washed 4 in dH20. The boundmay influence cyclic di-GMP signaling pathways as well.
crystal violet was dissolved in 1 ml DMSO and quantified by measur-Conventional sensor/regulator hybrids utilize a three-
ing the absorbance at 590 nm. For kinetic measurements of adhe-step His-Asp-His-Asp phosphorelay mechanism, with
sion, plasmid pP25-GFPo (which contains a lacUV5 promoter withthe second histidine located in an additional Hpt (histi- an optimized Shine-Dalgarno sequence driving a green fluorescent
dine phosphotransfer) domain or on a separate Hpt pro- protein gene) was introduced into the wild-type and mutant strains.
LB media was inoculated with early log phase bacteria at a concen-tein and the final aspartic acid on a standard response
tration of 1.25  106 colony-forming units/ml. Aliquots of 6 ml wereregulator protein. In an unusual arrangement, RetS lacks
dispensed into 50 ml conical tubes containing a glass coverslipan Hpt domain and contains two quite dissimilar re-
leaning diagonally against the wall of the tube. Coverslips weresponse regulator receiver domains. It is thus likely that
removed, washed 5 times with PBS, fixed with 4% paraformalde-
a protein other than RetS phosphorylates at least one hyde in 150 mM KH2PO4 (pH 7.4), and visualized with a fluorescence
of the RetS receiver domains. While there are limited microscope (Nikon USA) equipped with a FITC filter at 600magnifi-
cation.examples of multiple sensor kinases phosphorylating a
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Mammalian Cell Adherence and Cytotoxicity Assays to a starting OD600 of 0.01, incubating for 10 hr with shaking, transfer-
ring the liquid culture to a new flask, and growing for an additionalExponentially growing bacteria were washed in PBS, added to
HANKS-washed near-confluent Chinese hamster ovary (CHO) 10 hr with shaking. Aliquots were then plated on agar plates and
single colonies were tested individually in M63 for suppression ofmonolayers grown on glass coverslips at a starting multiplicity of
infection (MOI) of 50:1, and incubated at 37C in 5% CO2. After 1 hyperadhesion. Direct isolation of adhesion suppressors was also
performed by diluting the pooled transposon library to 30 bacteriahr, monolayers were washed with PBS and stained with Diff-Quik
(VWR Scientific Products) to visualize bacteria and eukaryotic cell ml1 in M63, dispensing 1 ml aliquots into deep-well 96-well plates,
and growing 24 hr with shaking. Turbid cultures were plated fornuclei. Total bacteria and total nuclei were counted in three micro-
scope fields. single colonies and retested as above. Transposon suppressors of
the TTSS defect were screened on LB plates supplemented withFor measurements of CHO cell cytotoxicity, exponentially growing
bacteria were added to near-confluent CHO cells at a starting MOI 10 mM NTA, 5 mM MgCl2, and Xgal. Blue colonies were reisolated
on new plates and single colonies retested. Transposon locationsof 10:1 and incubated for 5 hr at 37C in 5% CO2. The extent of killing
was determined by quantifying the release of lactate dehydrogenase were determined by arbitrary PCR using first-round primers BTK30-
Rnd1 and Rnd1-Pa(1) followed by a second round of PCR usinginto culture supernatants using the LDH Cytotoxicity Detection Kit
(Roche Applied Sciences). BTK30-Rnd2 and Rnd2-Pa. PCR-amplified transposon-chromo-
some junctions were sequenced using BTK30-Seq.
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